which is poorly constrained, but might play an important role over the course of the next 7 centuries (Church et al., 2013). 8
Glacier velocity v depends amongst others on basal drag (Clarke, 1987) , which itself is a 9 function of temperature at the glacier bed and basal water pressure. When temperature at the 10 bed is below the pressure melting point, the glacier is frozen to the ground and only deforms 11 at a rate of a few meters to tens of meters per year. When the glacier bed is temperate, as is 12 the case for the lower parts of Kronebreen and Kongsbreen studied here, fast basal motion 13 may occur, and speed is then mainly constrained by basal water pressure and driving stress. sensing techniques are not capable of distinguishing between calving and melt, but can be 28 used to estimate total frontal ablation by combining ice flow q fg through a defined flux gate 29 and mass changes q t at the terminus. 30
In this study we investigate the interannual and seasonal variability of surface speeds ofand demonstrate the importance of A f for their total mass balance. We present a time series of 1 area-wide speed fields based on synthetic aperture radar (SAR) offset tracking of Radarsat-2 2 Ultrafine data spanning the period April 2012 to December 2013. The speed maps and cross 3 sections of the calving fronts are then combined with terminus position changes and geometry 4 to calculate the frontal ablation of Kronebreen and the northern branch of Kongsbreen. 5
Additionally, time series and snapshots of velocity fields from Radarsat-1 Wide, Radarsat-2 6
Wide and TerraSAR-X data between December 2007 and November 2013 give a broader 7 picture on the dynamic behaviour of both tidewater glaciers. To assess the accuracy and 8 temporal representativeness of SAR-based speed, we compare it to local glacier speed derived 9 from 16 global positioning system (GPS) stations on Kronebreen. Temperature and 10 precipitation records from an automatic weather station in Ny-Ålesund, are employed to 11 investigate links between potential melt and rain water supply to the bed and glacier speed. 12 Terminus positions are digitized from SAR intensity images and, together with the speed 13 maps and auxiliary data, used to estimate frontal ablation. 14 15
Study Area 16

Kronebreen
17
Kronebreen is fed by Holtedahlfonna (together 295 km 2 ) and Infantfonna (77 km 2 ) and 18 encompasses an elevation range of 0-1400 m a.s.l. (Nuth et al., 2013 ; Fig. 1 ). Kronebreen 19 surged in 1868 or 1869 (Liestøl, 1988; Hagen et al., 1993) and until 1995, the glacier had 20 retreated 10-11 km from its maximum extend in 1868 or 1869 (Melvold and Hagen, 1998; 21 Svendsen et al., 2002) . The retreat was interrupted by a surge of the neighbouring 22 Kongsvegen in 1948 with a major advance of 4 km (Melvold and Hagen, 1998) with a centre frequency of 9.65 GHz. This data comes at a temporal resolution of 11 days, a 7 ground resolution of 2 m and is dually polarized (VH/VV, HV/HH). A more detailed 8 overview of the data characteristics (mode, polarization, resolution, repeat pass interval) and 9 processing parameters (step size and search window for offset tracking) is given in Tab according to the image resolution and expected maximum displacements during the repeat 6 pass cycle (Tab. 2). Velocities were calculated from displacements by accounting for the time 7
interval Δt between the two underlying images and geocoded using the SPOT SPIRIT DEM. 8
Speeds larger than the measured maximum speed at the calving front were classified as 9 mismatches and removed. To extract speed profiles and estimate the ice flux, remaining 10 erroneous speed estimates (local abnormal values in magnitude, identified by visual 11 inspection) were removed, and the maps interpolated using inverse distance weighting to 12 provide continuous speed profiles. Examples of filtered and interpolated speed maps of 13
Kronebreen and Kongsbreen from SAR feature tracking using RS-2 UF, RS-2 W and TSX 14 data are shown in Fig. 2 The apparent displacement of stable bedrock points is an accuracy measure for the co-24 registration process. We estimated the accuracy of each displacement map based on the mean 25 displacements (± 1σ) of 24 manually selected stable points to 0.9 ± 1.0 m for RS-2 UF, 3.3 ± 26 2.6 m for RS-1 W, 1.9 ± 1.6 m for RS-2 W and 1.0 ± 0.6 m for TSX (Fig. 4) . 27
Frontal ablation 4.2 28
The calculation of A f of Kronebreen and Kongsbreen closely follows the approach describedposition of the calving front, which is variable in time, and the mass change of the terminus 1 below the fluxgate q t due to advance or retreat: 2
The spatially fixed fluxgate is defined approximately perpendicular to the ice flow, 250 -1300 4 m upglacier from the actual calving front (Fig. 1) , where ice surface speed v fg could be 5 extracted from all RS-2 UF based speed maps. q fg can be written as 6 
where H t is the ice thickness at the terminus in the vicinity of the calving front. ΔA t is the area 18 change of the terminus over the repeat-pass period Δt between successive SAR acquisitions. 19 We consider the calving front as relatively stable, when position changes are within a few tens 20 of meters. 21
Depth-averaged speed and uncertainties
23
In this study, estimates of the frontal ablation (Eq. 1) are always given as range A f 0.8 -A f 1.0 , 24 with the lower estimate A f 0.8 based on a correction factor for the depth-average speed of f da = 25 0.8 in the calculation of the ice flux (Eq. 3), 26
and A f 1.0 with f da = 1.0, 1
Mass loss at the terminus q t is independent of f da (Eq. 4). 3
Additionally, we provide in brackets an upper and lower boundary of the frontal ablation, A f 4 min and A f max based on the uncertainties (σ) of the input variables (Tab. 3). A f min is calculated 5 as 6
The lower boundary of the ice flux q fg min is estimated by substituting Eq. 3 into Eq. 2, 8
The minimum mass change through terminus position changes q t min is calculated based on Eq. 11 4, depending on whether the glacier advanced or retreated between time t and t+1. In case the 12 glacier advanced (∆ > 0), the mass gain was minimal, when the height of the calving front 13
In the other case, when the glacier advances (∆ < 0), the mass loss is maximal, when the 16 height of the calving front H t is maximal (
In both cases, the minimal change in areal extent is calculated to 19
As A t and A t+1 are independent, their uncertainties are propagated by the root of the sum of 21 squares (RSS) of the uncertainty each component as 22
Similarly, the maximal frontal ablation A f max is calculated as 24
where, based on Eq. 2 and 3, the maximum ice flux q fg max amounts to 1
The maximal mass change through terminus position changes q t max is calculated based on Eq. 4 4, depending on whether the glacier advanced or retreated between time t and t+1as 5
with the maximum change in areal extent 8 (Fig. 5b) . After a secondary peak coinciding with an intense rain event, the speed 6 decreased to a low background speed in autumn 2013. 7 The coverage of the velocity maps derived for Kongsbreen is not as complete as for 8
Terminus-position changes
Kronebreen and continuous in-situ GPS measurements are not available. Therefore we choose 9 two points P #1 and P #2 on Kongsbreen, where speed could be extracted from most of the 10 velocity maps (see Over most of the observation period, the variability in glacier speed of both glaciers seems to 9 be correlated with variations in amount and timing of surface melt water input and rainfall. 10
We attribute the observed correlation to the influence of melt water and rainfall on the water 11 pressure at the bed and basal lubrication according to the theory of Iken and Bindschadler 12 (1986). We suggest, yearly speed-ups in summer are linked to increased availability of water 13 in an inefficient drainage system at the glacier bed at the start of the melt season, which leads 14 to enhanced basal lubrication. The water then successively creates a channelized system 15 through which it can be drained efficiently, followed by a slowdown of the glacier to its 16 autumn and winter background speed. Background speed is the almost constant minimum 17 speed in autumn and winter. After the effective channelized system has evolved the speed 18 drops as there is a lack of lubricant. When there is no longer enough water supply to sustain 19 the channelized system at the end of the melt season, an inefficient system evolves which also 20 lacks of lubricant, unless it is not raining (see secondary speed peaks). 21 This behaviour has been observed at many glaciers in different regions in the world e.g. hence leading to an early slowdown in the melt season. This behaviour has previously been 1 explained by Schoof (2010) . 2
The flow of Kongsbreen was modulated from this typical pattern in 2012 and 2013, when the 3 speed did not peak distinctively in summer, but reached its maximum in late autumn. We 4 speculate that an inefficient drainage system was maintained throughout. The water from the 5 rain event was not evacuated and high water pressure maintained throughout the winter and 6 spring. As winter velocities where already enhanced, the following summer speedup is less 7 pronounced than in other years. 8
The increase in speed, which started already in autumn 2011, coincides with the onset of the 9 retreat and hence reduced the backstress. The results of this study are largely based on speed maps derived from SAR feature tracking 12 using RS-2 UF, RS-2 W and TSX data, whose quality mainly depends on high SAR image 13 resolution and persistent surface conditions. Speed maps based on RS-2 UF data acquired in 14 spring revealed good matching results (Fig. 2a) even within the slow moving upper regions of 15 the glaciers. In the summer data the number of well-matched displacements decreased in these 16 areas (Fig. 2b) , because of extensive melt changing the surface characteristics and destroying 17 the visual coherence of the SAR intensity between the two acquisitions. Notably, the 18 algorithm was able to achieve reasonable glacier speed estimates along the centreline of 19 Kronebreen (Fig. 5a ) and partially also Kongsbreen (Fig. 9 ) over a period of 144 days or 6 20 RS-2 repetition cycles (3 May and 24 September 2013). The lowest quality comes from the 21 medium resolution RS-2 W data, with a resolution of 100 m for the velocity maps (compared 22 to 50 m for RS-2 UF) and frequent occurrence of mismatches resulting in gaps in the velocity 23 maps, especially for the narrow Kongsbreen (Fig. 2c) . 24 TSX, with a similar geometric resolution as RS-2 UF, provides less smooth speed fields and 25 good matches are not achieved from as far upglacier as with RS-2 UF (Fig. 2d) . This might be 26 related to the different frequency, although a direct comparison is not possible here as the 27 TSX and RS-2 UF acquisitions do not overlap temporally. Usually, X-band coherence is 28 considered less stable over time than C-band, due to its lower penetration depth. This is 29 partially compensated by the shorter revisit time of TSX of 11 days, which then again is 30 another possible reason for the absence of speed estimates in the slow moving, upper parts of 31 the glaciers, as offset tracking has limited capability to resolve particularly small 32 displacements. Interferometry fails completely for all SAR data available over glaciers due to 1 loss of phase coherence. 2 3
Conclusions 4
For the first time, the speed patterns of Kronebreen and Kongsbreen were studied over the 5 period of multiple years at a high temporal and spatial resolution. We used high and medium 6 resolution SAR data from RS-1, RS-2 and TSX between 2007 and 2013 to extract glacier 7 speed of Kronebreen and Kongsbreen in NW-Svalbard. Especially the RS-2 UF and TSX data 8 at high resolution provided area-wide displacement estimates with very high accuracy 9 compared to GPS data from different stations on Kronebreen and stable ground. Due to the 10 coarser resolution of the RS-1/RS-2 W data, the displacements are less accurate, especially 11
for Kongsbreen and at the border between Kronebreen and the slow moving Kongsvegen. Speed value at fluxgate increment from RS-2 UF speed maps σ is the RMSE of comparison between RS-2 UF and GPS displacements.
Areal change of terminus derived from calving front position changes from repeat RS-2 UF intensity images.
Estimated uncertainty σ t due to imaging geometry and digitizing error of terminus position results in uncertainty of ∆A. σ ΔA is determined by RSS of deviation from minimum and maximum extent of A at times t and t+1 (Eq. 12). (Fig. 1) . σ is the variation (3σ) of water depth in deglaciated area of fjord close to the calving front.
H t σ
Total height of the calving front = − σ is the RSS of errors in zs t and zb t . Speed value at fluxgate increment from RS-2 UF speed maps. σ is the RMSE of comparison between RS-2 UF and GPS displacements.
Estimated uncertainty σ t due to imaging geometry and digitizing error of terminus position results in uncertainty of ∆A. σ ΔA is determined by RSS of deviation from minimum and maximum extent of A at times t and t+1 (Eq. 12).
Tab. 5 Total frontal ablation of Kronebreen and Kongsbreen and its components, ice flux and 1 terminus position changes, in Gt a 
